Noncoding Y RNAs are required for the reconstitution of chromosomal DNA replication in late G1 phase template nuclei in a human cell-free system. Y RNA genes are present in all vertebrates and in some isolated nonvertebrates, but the conservation of Y RNA function and key determinants for its function are unknown. Here, we identify a determinant of Y RNA function in DNA replication, which is conserved throughout vertebrate evolution. Vertebrate Y RNAs are able to reconstitute chromosomal DNA replication in the human cell-free DNA replication system, but nonvertebrate Y RNAs are not. A conserved nucleotide sequence motif in the double-stranded stem of vertebrate Y RNAs correlates with Y RNA function. A functional screen of human Y1 RNA mutants identified this conserved motif as an essential determinant for reconstituting DNA replication in vitro. Double-stranded RNA oligonucleotides comprising this RNA motif are sufficient to reconstitute DNA replication, but corresponding DNA or random sequence RNA oligonucleotides are not. In intact cells, wild-type hY1 or the conserved RNA duplex can rescue an inhibition of DNA replication after RNA interference against hY3 RNA. Therefore, we have identified a new RNA motif that is conserved in vertebrate Y RNA evolution, and essential and sufficient for Y RNA function in human chromosomal DNA replication.
INTRODUCTION
The noncoding Y RNAs were discovered in the early 1980s as an RNA component of Ro ribonucleoprotein particles (Ro RNPs) , which also contain Ro60 protein (Chen and Wolin 2004 ) and other potentially associated proteins. In human cells, four Y RNAs (hY1, hY3, hY4, and hY5 RNA) are transcribed by RNA polymerase III from single copy genes, clustered into a single locus on chromosome 7 (Hendrick et al. 1981; Maraia et al. 1994 Maraia et al. , 1996 Matera et al. 1995) . Y RNAs are not modified and fold into characteristic stem-loop structures ( Fig. 1 ; Farris et al. 1999; Teunissen et al. 2000) . The partially complementary 59 and 39 domains form a double-stranded stem structure, which is linked by a single-stranded loop domain containing secondary stem-loops. The terminal stem is interrupted by a helical distortion into a lower terminal and an upper central section. The lower stem section and the distorted helical section constitute a conserved binding site for the Ro60 protein (Green et al. 1998; Stein et al. 2005) . Y RNAs retain a 39 poly(U) tail, which provides a high affinity binding site for the La protein (Wolin and Cedervall 2002) . Ro60 and La proteins have been implicated in protecting Y RNAs from exonucleolytic degradation, among other functions (Wolin and Cedervall 2002; Chen and Wolin 2004) .
Y RNAs are evolutionarily conserved in vertebrates (Pruijn et al. 1993; Farris et al. 1995; Mosig et al. 2007; Perreault et al. 2007 ). Homologs of the four Y RNAs have been found in all major classes of vertebrates investigated, but not all of the four Y RNAs are expressed in each vertebrate species (Pruijn et al. 1993; Farris et al. 1995) . Two recent computational analyses of genomic data provided new nucleotide sequences for a large number of vertebrate Y RNAs, and allowed a comprehensive insight into the evolution of the vertebrate Y RNA gene cluster (Mosig et al. 2007; Perreault et al. 2007) . A common Y RNA gene ancestor split in early gene duplication events into the four extant orthologs, and in some amphibian species, the Y5 genes split further into the Y5 and Ya genes. Genomic positions and the orientation of individual Y RNA genes relative to each other are also conserved. In eutheria, however, the locus underwent a partial rearrangement leading to a reverse orientation of the Y1 gene relative to the other Y RNA genes. Individual gene-loss events have occurred during the evolution of most classes, resulting in the uneven number of expressed Y RNAs in extant vertebrates. This evolutionary pattern strongly suggests that some key features of vertebrate Y RNA function are conserved between the different Y RNAs, but different features may have evolved into more specialized functions of individual Y RNAs. Small RNAs with structural features similar to Y RNAs have also been identified through association with orthologs of Ro60 protein in a few isolated nonvertebrate taxa, namely, in the prokaryote Deinococcus radiodurans and the nematode Caenorhabditis elegans (Van Horn et al. 1995; Chen et al. 2000) . Genes coding for candidate Y RNAs have also been identified through bioinformatics analyses in the lancelet Branchiostoma floridae (Mosig et al. 2007 ) and the insect Anopheles gambiae (Perreault et al. 2007 ). These few Y RNAs cannot be assigned to any of the four vertebrate Y RNA clades.
We have recently identified an essential function for human Y RNAs during chromosomal DNA replication (Christov et al. 2006 (Christov et al. , 2008 . In eukaryotes, chromosomal DNA replication is initiated at many replication origins in each cell nucleus (Gilbert 2001; Machida et al. 2005; Costa and Blow 2007) . Controlled association of replication initiation proteins with replication origins leads to the formation of DNA replication forks, which replicate the entire genome once, and only once, during the S phase of the cell cycle (Bell and Dutta 2002; Takeda and Dutta 2005; DePamphilis et al. 2006; Arias and Walter 2007) . The initi-ation of mammalian chromosomal DNA replication can be reconstituted in cell-free systems, consisting of isolated late G1 phase template nuclei incubated in human cell extracts (Krude 2006) . Fractionation and functional reconstitution experiments of a human cell extract have established an essential requirement of hY RNAs for chromosomal DNA replication in the additional presence of protein fractions (Christov et al. 2006) . The execution point for Y RNA function has been identified as the initiation stage of DNA replication, and not the chain elongation stage (Krude et al. 2009) . A functional requirement of hY RNAs for DNA replication has also been found in cell-based systems as degradation of hY1 or hY3 RNAs in proliferating human cells in culture reduces the proportion of replicating cells in the treated cell population (Christov et al. 2006 (Christov et al. , 2008 . The replication-specific function of hY RNAs is independent of their ability to bind to Ro60 protein as mutational inactivation of the Ro60 binding site of hY1 RNA does not inactivate its activity to promote chromosomal DNA replication (Christov et al. 2006) .
In this study, we have investigated the determinant for Y RNA function and its conservation during evolution. Our experiments have led to the identification of a new motif in the double-stranded upper stem of Y RNAs, which is evolutionarily conserved within vertebrates, but not beyond. This motif is both necessary and sufficient for Y RNA function in chromosomal DNA replication in human cell nuclei.
RESULTS
Vertebrate Y RNAs can functionally substitute for human Y RNA in chromosomal DNA replication in a cell-free system Nucleotide sequences and predicted secondary structures of Y RNAs are conserved within vertebrates (Pruijn et al. 1993; Farris et al. 1995; Mosig et al. 2007; Perreault et al. 2007) . We investigated first whether this evolutionary conservation correlates with a possible conservation of their function in chromosomal DNA replication. Y RNAs of representative species from each of the major vertebrate classes were analyzed, using model organisms where available: mouse (Mus musculus, Mammalia; mY1 and mY3 RNA), chicken (Gallus gallus, Aves; cY1 and cY3 RNA), iguana (Iguana iguana, Reptilia; iY3 and iY4 RNA), the South African clawed toad (Xenopus laevis, Amphibia; xY3, xY4, xY5, and xYa RNA) and zebrafish (Danio rerio, Teleostei; zY1 RNA). We generated expression constructs for these vertebrate Y RNAs and synthesized them by in vitro transcription using SP6 RNA polymerase. All these Y RNAs are predicted to fold into the characteristic stemloop structures (Supplemental Fig. S1 ).
We tested whether the purified vertebrate Y RNAs can initiate chromosomal DNA replication in a human cell-free system. Late G1 phase template nuclei from FIGURE 1. Predicted structure of a typical Y RNA and its conserved structural elements. The most stable structure of hY1 RNA was determined by the Mfold algorithm. Locations of conserved structural elements are boxed, with their known functions highlighted in italics. mimosine-arrested human cells initiate semiconservative chromosomal DNA replication in vitro upon incubation in a cytosolic extract from proliferating human cells (Krude 2006) . In representative experiments, about 50% of late G1 phase template nuclei replicate in the presence of the extract, but only 5% or less in its absence (Krude 2000; Christov et al. 2006 ). The essential DNA replication proteins are provided by two fractions of the cytosolic extract, termed QA and ArFT (Christov et al. 2006 ). Addition of fractions QA and ArFT support replication only in about 15% of the nuclei. This value increases up to 50% upon addition of any of the four human Y RNAs (Christov et al. 2006) .
In the first set of experiments, we used this experimental system to analyze the functional conservation of vertebrate Y RNAs. Human hY1 RNA was used as positive control in each experiment. We normalized the percentages of replicating nuclei to minimize experimental variation between different preparations of template nuclei and extract fractions, setting the percentage of nuclei replicating in unfractionated S100 extract in each experiment to 100% ( Fig. 2A ). In the absence of Y RNA, 33% 6 11% of template nuclei replicated their DNA (after normalization), and addition of human hY1 RNA increased this value to 75% 6 14% ( Fig. 2A ), consistent with our previous data (Christov et al. 2006 ). Addition of any purified vertebrate Y RNA also increased the proportion of replicating nuclei to 70%-90% ( Fig. 2A ). This increase of replicating template nuclei by each vertebrate Y RNA over and above the background obtained in the absence of Y RNA was statistically highly significant, and it was not different from the one obtained by hY1 RNA (Supplemental Table 1 ).
We therefore conclude that vertebrate Y RNAs are able to functionally substitute for hY1 RNAs to initiate chromosomal DNA replication in human template nuclei in vitro.
Nonvertebrate Y RNAs do not support chromosomal DNA replication Y RNAs have been identified only in a very few isolated invertebrate and prokaryotic species (Van Horn et al. 1995; Chen et al. 2000; Mosig et al. 2007; Perreault et al. 2007 ). These nonvertebrate Y RNAs are predicted to fold into stem-loop structures that bear some similarity to the vertebrate Y RNAs (Supplemental Fig. S2 ). Based on nucleotide sequence analysis, however, they all fall outside of the vertebrate Y RNA classes (Mosig et al. 2007; Perreault et al. 2007 ).
In the next set of experiments, we investigated whether nonvertebrate Y RNAs could substitute for human Y1 RNA to initiate chromosomal DNA replication in vitro. Supplemental Table 1 . (C) Nucleotide sequence conservation of the upper stem in vertebrate, but not in nonvertebrate Y RNAs. Nucleotide sequences for the 59 and 39 sides of the double-stranded upper stem for each vertebrate and nonvertebrate Y RNA were manually selected from the structural predictions made by the Mfold algorithm (see Supplemental Figs. S1,S2). Only sequences of Y RNAs for which functional data are available were considered. These short sequences were aligned by the Kalign algorithm, and displayed in Jalview. Nucleotides are shown in genomic DNA code.
We generated expression constructs for the Y RNAs from the lancet Branchiostoma floridae (BfY), the nematode Caenorhabditis elegans (CeY), and the prokaryote Deinococcus radiodurans (DrY), synthesized them by in vitro transcription, purified them to homogeneity, and tested whether they could reconstitute chromosomal DNA replication in the human cell-free system (Fig. 2B ). Upon addition of any nonvertebrate Y RNA to template nuclei and protein fractions, we did not observe any significant increase in the proportion of replicating nuclei over and above the background seen in the absence of Y RNA ( Fig. 2B ; Supplemental Table 1 ).
We therefore conclude that, unlike their vertebrate counterparts, these nonvertebrate Y RNAs are not able to promote the initiation of chromosomal DNA replication in a human cell-free system.
A conserved nucleotide sequence motif in the upper stem of vertebrate Y RNAs correlates with their function in DNA replication
We carried out nucleotide sequence analysis to identify potential vertebrate Y RNA sequence motifs that would correlate with Y RNA function. The conserved structural features of Y RNAs can be divided into the lower and upper stem, separated by a helical distortion, a poly-U tail at the 39 end, and the internal loop region containing secondary hairpin structures (highlighted for hY1 RNA in Fig. 1 ). It has previously been shown that the most conserved nucleotide sequences of the Y RNAs reside in the doublestranded stem region, whereas the nucleotide sequences of the single-stranded loop region are much less conserved (Mosig et al. 2007; Perreault et al. 2007) . We have previously shown that the Ro60 binding domain of hY1 RNA, which is located in the lower stem and its helical distortion (Green et al. 1998) , can be mutated with no effect on DNA replication (Christov et al. 2006) . We therefore focused our analysis of evolutionary conservation on the doublestranded upper stem of the Y RNAs (Fig. 2C ). To investigate whether the sequence of the upper stem correlates with Y RNA function, we manually selected the nucleotide sequences from both the 59 side and 39 side of the doublestranded upper stem of each tested vertebrate and nonvertebrate Y RNA, as determined by the Mfold algorithm (Supplemental Figs. S1,S2), and aligned these sequences by the Kalign algorithm under default settings (Fig. 2C ). This alignment resulted in an imperfect consensus sequence of GUAGUGGG on the 59 strand, and CCCACUGCU on the corresponding 39 strand of the vertebrate Y RNAs (Fig. 2C ). This sequence motif, in particular that of the 39 strand, was not present in the nonvertebrate Y RNAs (Fig. 2C ).
In conclusion, we have identified a new double-stranded nucleotide sequence motif in the upper stem that correlates with the ability of vertebrate Y RNAs to initiate chromosomal DNA replication in human cell-free system. To test whether this motif is directly involved in Y RNA function, we performed a systematic screen of mutant hY1 RNAs.
Deletion of the upper stem of hY1 RNA abrogates Y RNA function in DNA replication Initially, we designed a set of deletion mutants of hY1 RNA and asked whether deletion of a particular conserved structural motif of this Y RNA leads to a loss of function in chromosomal DNA replication (Fig. 3) . We generated expression constructs, synthesized the mutant RNAs by in vitro transcription, and tested the purified RNAs in the human cell-free chromosomal DNA replication system. The predicted structures of the mutant Y1 RNAs are shown in Figure 3A . Mutants containing deletions of the lower stem (DLS) and internal loop domains (DLP) were as active as the wt hY1 RNA control (Fig. 3B ). The t-tests showed that the proportion of replicating nuclei was not significantly different between these mutants and the hY1 RNA control ( Supplemental Table 2 ). Similarly, a deletion of the 39 poly-U tail was also as active as the wt hY1 RNA (data not shown). Deletion of the upper stem (DUS), however, led to a significant decrease in the proportion of replicating nuclei in this system, down to the level observed without any RNA added ( Fig. 3B ; Supplemental Table 2 ). Similarly, deletion of the entire stem region including upper stem, bulge, and lower stem rendered hY1 RNA inactive in supporting the initiation of chromosomal DNA replication in late G1 phase nuclei (data not shown). We therefore conclude that the upper stem of hY1 RNA is essential for Y RNA function in chromosomal DNA replication in vitro.
Nucleotide sequence elements of Y RNAs are required for their function in DNA replication
In the next experiment, we determined whether the upper stem domain could confer activity onto an inactive RNA backbone structure. Previously, we have shown that an RNA with a predicted structure identical to hY1 RNA, but of a shuffled nucleotide sequence, does not promote chromosomal DNA replication in the human system (Christov et al. 2006) . We therefore designed a pair of two mutant Y RNAs with shuffled nucleotide sequences; SH and SH:US. SH RNA has a predicted secondary structure similar to wt hY1 RNA, but with a shuffled nucleotide sequence that bears no identity to wt hY1 RNA in any of its domains (Fig. 4A ). SH:US RNA has the same sequence as SH, except for the upper stem, which is identical to that of wt hY1 RNA (Fig. 4A) . These RNAs were synthesized in vitro, and the purified products were tested in vitro. SH RNA was not able to promote DNA replication significantly over and above the level obtained without RNA ( Fig. 4B ; Supplemental Table 2 ). In contrast, addition of SH:US RNA significantly increased the proportion of replicating nuclei to the level obtained with wt hY1 RNA ( Fig. 4B ; Supplemental Table 2 ). We conclude that the nucleotide sequence of the upper stem constitutes an essential motif for Y RNA function in chromosomal DNA replication in vitro.
To investigate further the role of the upper stem of hY1 RNA in DNA replication in vitro, we designed three mu-tant hY1 RNAs with small deletions or base substitutions within the most conserved sequence elements of the upper stem: DGUG, ACA, and DU18. The nucleotide sequences of these mutants are shown in Figure 5A . DGUG has a deletion of 3 base pairs (bp) in the center of the upper stem; ACA contains a 3-bp substitution of this region; DU18 contains a deletion of the highly conserved central U:A base pair within this motif (Fig. 5A) . These mutant hY1 RNAs were synthesized and the purified products tested in vitro. None of these mutant hY RNAs were able to Table 2 ). We therefore conclude that a specific and evolutionarily conserved nucleotide sequence element around a central U:A base pair within the upper stem of Y RNAs is the key determinant for Y RNA function in chromosomal DNA replication in vitro.
A small double-stranded RNA helix is essential and sufficient for Y RNA function in DNA replication
To determine whether the upper stem is also sufficient for Y RNA function in vitro, we designed and tested two small mutant hY1 RNAs containing only the sequence of the upper stem: USL and US (Fig. 6A) . In one case, the two strands of the upper stem were joined by a small singlestranded pyrimidine loop (USL), while in the other case, the mutant consisted of just a linear double-stranded RNA helix (US). Both of these mutants significantly increased the proportion of replicating nuclei to the same extent as wt hY1 RNA ( Fig. 6B ; Supplemental Table 2 ). In contrast, neither the corresponding DNA oligonucleotides nor corresponding random sequence RNAs based on the inactive SH RNA (Fig. 6A) were able to substitute functionally for hY1 RNA (Fig. 6B ; Supplemental Table 2 ). We therefore conclude that the nucleotide sequence-specific RNA motif of the upper double-stranded stem of Y RNAs constitutes the essential and sufficient determinant for their function in chromosomal DNA replication. 
Exogenous hY1 or USL RNA overcome the inhibition of DNA replication after RNAi against hY3 RNA in vivo
Finally, we asked whether wt hY1 RNA, or the conserved motif of the upper stem could substitute for hY3 RNA function in proliferating cells in vivo (Fig. 7) . We have shown before that RNA interference against hY1 or hY3 RNA in proliferating human cells significantly reduces the proportions of S phase cells (Christov et al. 2006 (Christov et al. , 2008 . Transfection of control siRNA against a nontarget RNA (firefly luciferase mRNA) did not reduce the proportion of S phase cells, and a second transfection 2 h later of either wt or mutant hY1 RNAs had no significant effect (Fig. 7A) . In contrast, RNA interference against hY3 RNA in asynchronously proliferating human cells reduced the proportion of replicating cells by 50% within 24 h of transfection (Fig.   7B ). This reduction in the proportion of S phase cells was negated when these cells were transfected 2 h later with either hY1 or USL RNA (Fig. 7B ). This negation was statistically significant (t-tests: P = 0.002 and P = 0.007 for hY1 and USL RNA, respectively, n = 3). Importantly, transfection with either DUS or USL SH RNA, which lack the essential and sufficient domain to support DNA replication in vitro, failed to overcome the inhibition of DNA replication after RNAi against hY3 RNA in vivo (Fig. 7B) . We conclude that the conserved double-stranded motif in the upper stem of vertebrate Y RNAs is the key functional determinant for chromosomal DNA replication, both in vitro and in vivo.
DISCUSSION
In two converging lines of investigation, we have identified a new motif and functional determinant of noncoding Y RNAs. It consists of double-stranded RNA with an imperfect consensus sequence of GUAGUGGG on the 59 strand, and CCCACUGCU on the corresponding 39 strand. This motif is conserved in vertebrate evolution, and it is functionally essential and sufficient to substitute for wild-type (wt) Y RNAs to reconstitute chromosomal DNA replication in human cell-free and cell-based systems. In the first line of investigation, we synthesized a representative range of vertebrate and nonvertebrate Y RNAs and found that all of the vertebrate Y RNAs tested were able to reconstitute the initiation of human chromosomal DNA replication in the presence of human replication proteins, but nonvertebrate Y RNAs were not. A highly conserved short nucleotide sequence motif in the double-stranded upper stem of the vertebrate Y RNAs correlated with their function in DNA replication. In the second line, we carried out a systematic mutagenesis screen of human Y1 RNA and found that the evolutionarily conserved double-stranded region in the upper stem was essential and sufficient to substitute for wild-type Y RNAs to reconstitute DNA replication in vitro and in vivo. These findings have implications for the evolution of Y RNAs as modal functional units and for future experiments to characterize the molecular mechanism by which they regulate the initiation of chromosomal DNA replication in vertebrates.
Evolutionary conservation of Y RNA function in vertebrates
The genes coding for Y RNAs are evolutionarily conserved in vertebrates (Pruijn et al. 1993; Farris et al. 1995; Mosig et al. 2007; Perreault et al. 2007 ). An evolutionary history of these genes has been deduced in two recent computational analyses of genomic sequence data (Mosig et al. 2007; Perreault et al. 2007) . In this scenario, a common vertebrate Y RNA ancestor first split into pre-Y1/Y3 and pre-Y4/Y5 genes, which have then split further into the four extant (Christov et al. 2008) , 100 nM of the indicated wild-type and mutant Y RNAs were transfected into the same cells. At 23 h after RNAi, replicating cells in the population were labeled with BrdU for 1 h. At 24 h, percentages of S phase cells incorporating BrdU into their chromosomal DNA were determined by immunofluorescence microscopy. Mean values and standard deviations are shown for n = 3 independent experiments. Similar results were obtained with the independent siRNA hY3b (Christov et al. 2008 ) (data not shown).
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www.rnajournal.org 1381 monophyletic Y RNA groups, Y1, Y3, Y4, and Y5/Ya. During vertebrate evolution, losses of individual Y RNA genes have occurred frequently, so that vertebrate organisms contain between one and four active Y RNA genes (Pruijn et al. 1993; Farris et al. 1995; Mosig et al. 2007; Perreault et al. 2007) . Y RNA genes have also been identified in a few isolated nonvertebrates, but systematic searches for Y RNA genes in the genomes of yeasts, plants, echinoderms, urochordates, or the insect Drosophila melanogaster have not been successful (Mosig et al. 2007, and references therein; Perreault et al. 2007 ). All nonvertebrate Y RNA genes fall outside the evolutionary tree of the four vertebrate Y RNA groups (Mosig et al. 2007; Perreault et al. 2007) .
Our data on Y RNA function in chromosomal DNA replication reported here and elsewhere (Christov et al. 2006 (Christov et al. , 2008 complement the deduced evolutionary history of vertebrate Y RNA genes and provide a possible explanation for the selective pressures on Y RNAs during vertebrate evolution. Within one organism, individual Y RNAs act redundantly during chromosomal DNA replication in vitro, e.g., degradation of hY1 RNA can be functionally rescued by addition of hY3, hY4, or hY5 RNA (Christov et al. 2006 ). Importantly, across species boundaries, one vertebrate Y RNA can be functionally substituted by another vertebrate Y RNA, e.g., any vertebrate Y RNA can substitute for human Y RNA to initiate DNA replication in human cell nuclei (this study), or human Y RNAs can substitute for mouse Y RNA to initate chromosomal DNA replication in mouse cell nuclei (Christov et al. 2006; Krude et al. 2009 ). These functional data establish that the common functional determinant is conserved among vertebrate Y RNAs, but not beyond. A straightforward explanation would be that a role for Y RNAs in DNA replication has arisen only in ancestral vertebrates and the selective pressure to interact with the highly conserved eukaryotic replication protein machinery caused their subsequent phylogenetic conservation. The presence of conserved Y RNA genes in all vertebrates and the contrasting low number and divergence of nonvertebrate Y RNA genes would support this hypothesis. However, we cannot formally rule out the possibility that nonvertebrate Y RNAs may play a role in nonvertebrate DNA replication. For the prokaryote Deinococcus radiodurans at least, this possibility can be ruled out already as deletion mutants lacking the Y RNA gene are viable and grow with similar kinetics as wt cells (Chen et al. 2007) .
We have employed a cell-free system that initiates semiconservative chromosomal DNA replication in somatic mammalian cell nuclei (Krude 2006) . Homologous somatic cell-free systems from other nonmammalian vertebrate species have not been developed so far, but a prediction of our results reported here is that mammalian Y RNAs would be able to functionally substitute endogenous Y RNA in other somatic vertebrate cells. In support of this, we have observed that RNA interference against xY RNAs in proliferating somatic Xenopus laevis XL177 cells results in a significant reduction of replicating cells in the population (data not shown), similar to RNA interference experiments against hY RNAs performed in proliferating human cells (Christov et al. 2006 (Christov et al. , 2008 . These in vivo data, therefore, further consolidate the conclusion that Y RNA function is conserved in vertebrates.
Functional analysis of hY1 RNA mutants
In a systematic mutagenesis screen, we have identified that the upper stem of hY1 RNA is essential and sufficient for a reconstitution of chromosomal DNA replication in vitro and in vivo. This analysis therefore confirms the prediction that this domain is a key determinant of Y RNA function, which was drawn from its conservation during vertebrate evolution.
Deletions of the lower stem of hY1 RNA were fully able to initiate DNA replication in vitro, showing that this conserved domain is dispensable for this function. Previously, we have shown that small internal deletions and base substitution mutants of the Ro60 binding domain, located in the lower stem of vertebrate Y RNAs (Green et al. 1998; Stein et al. 2005 ) that prevent Ro60 from binding, are as active in reconstituting DNA replication as wt hY1 RNA (Christov et al. 2006) . Here, we extend this observation by showing that a hY1 mutant with a deletion of the entire lower stem also supports DNA replication as efficiently as the wt hY1 RNA. The binding site for Ro60 is highly conserved in all vertebrate and nonvertebrate Y RNAs; in fact, the presence of a binding site for Ro60 and its orthologs is routinely used to classify a small RNA as a ''Y RNA.'' These data suggest that the binding site for Ro60 and the functional motif required for DNA replication are independent units. Therefore, vertebrate Y RNAs can be considered as functional modular structures.
As all known Y RNAs contain binding sites for Ro60, it is therefore possible that Ro60 performs an important cellular function involving Y RNAs. Functions for Ro60 have been implicated in cellular responses to cytotoxic stress (Labbe et al. 2000; Chen et al. 2003) , in a quality control for small RNAs (Chen and Wolin 2004; Stein et al. 2005; Fuchs et al. 2006; Chen et al. 2007; Hogg and Collins 2007) , the export of associated RNAs from the nucleus (Simons et al. 1996) , and the protection of associated RNAs from exonucleolytic degradation (Chen and Wolin 2004) . In vertebrates, the binding site for Ro60 is adjacent to the domain essential for DNA replication, and thus insulates it from the 59 and 39 ends of the RNA. In light of our data, it is therefore tempting to speculate that although Ro60 is dispensable for DNA replication Xue et al. 2003; Christov et al. 2006) , it may nonetheless be involved in DNA replication indirectly, either by protecting or insulating the replication domain from exonucleases, or by regulating the intracellular localization of Y RNAs.
Internal deletion of the less conserved central singlestranded loop domain of hY1 RNA and its secondary stemloops did not inactivate the replication-promoting function of this RNA. Several proteins and RNPs have been reported to interact with this domain in different Y RNAs, including nucleolin, hnRNP K, hnRNP I, and 5S RNP (Fabini et al. 2001; Fouraux et al. 2002; Hogg and Collins 2007) . These interactions do not occur with all Y RNAs (Fabini et al. 2000 (Fabini et al. , 2001 Fouraux et al. 2002) . This heterogeneity points toward additional specialized functions of individual Y RNAs mediated by this domain, which do not play a role in the cell-free DNA replication system. The central domain of Y RNAs may therefore just serve the minimal purpose of providing a hinge function to allow efficient annealing of the 59 and 39 domains into the stem structure that comprises the essential DNA replication domain and the Ro60 binding site. Reduced selective pressure on this central domain in vertebrate evolution would therefore have led to its diversification and acquisition of functions such as RNA quality control surveillance Collins 2007, 2008) .
Deletion of the upper stem, or small internal deletions and base substitutions within the upper stem of hY1 RNA resulted in inactive Y RNA mutants in vitro and in vivo, establishing that this domain constitutes the key functional determinant for Y RNA function in chromosomal DNA replication. In fact, transplantation of this domain into an inert scaffold RNA structure led to the generation of a replication-promoting novel RNA in vitro. Key elements of this double-stranded domain of vertebrate Y RNAs are specific short nucleotide sequence elements on both strands and their biochemical identity as RNA, not DNA. These features imply that this domain could serve as a specific binding site for an interacting protein or protein complex. However, no proteins that specifically interact with this domain have been described to date. We are currently isolating and identifying cellular proteins that interact with wild-type human Y RNAs and their mutants to identify specific Y RNA-protein interactions that are relevant for the function of Y RNAs in chromosomal DNA replication. Results of this separate study will be reported elsewhere.
Finally, our data are not inconsistent with a role of Y RNAs as substrates for endonucleolytic processing of the primary Y RNA transcript into shorter active components. Such a hypothetical processing would be analogous to the processing of miRNA precursors into active miRNAs by the RNase III endonucleases Drosha and Dicer (Bartel 2004; Du and Zamore 2005) . We have shown here that a short linear double-stranded RNA fragment derived from hY1 RNA is sufficient to reconstitute the initiation of chromosomal DNA replication in vitro, whereas a random sequence double-stranded RNA of the same length is not. We would therefore predict that an endonucleolytically processed product of a primary vertebrate Y RNA transcript encompassing this domain would also be active in initiating DNA replication. Preliminary experiments in our lab indicated that a fraction of Y RNAs is indeed cleaved endonucleolytically during the DNA replication in vitro (data not shown). It is therefore tempting to speculate that Y RNAs may be genuine substrates for RNase III type endonucleases.
Our demonstration that the truncated mutant USL RNA can functionally substitute for wt Y RNA in vitro, and in vivo also provides an explanation for the observation by Northern blotting that full-length mouse Y RNA levels are reduced in Ro60 knockout cells without an apparent inhibition of DNA replication Xue et al. 2003) . Provided that Ro60 depletion leads to increased nucleolytic degradation of Y RNAs Xue et al. 2003) , any resulting fragments containing only the 9-bp upper stem RNA duplex would still be functionally active and available to support chromosomal DNA replication, as seen in our RNAi rescue experiments.
In conclusion, our biochemical and cell biological data described here have led to the identification of a novel domain of vertebrate Y RNAs, which is essential and sufficient for Y RNA function during chromosomal DNA replication. This finding offers a functional explanation for the conservation of Y RNA genes during vertebrate evolution.
MATERIALS AND METHODS

DNA replication reactions and analysis
Cell culture, cell synchronization, preparation of template nuclei, and analysis of DNA replication reactions were performed as described (Krude 2000; Szüts et al. 2003 Szüts et al. , 2005 , and references therein). Template nuclei were prepared from human HeLa cervix carcinoma and EJ30 bladder carcinoma cells. Cell extracts were prepared from asynchronously proliferating HeLa cells, and fractionation of the cytosolic extract was carried out exactly as described (Christov et al. 2006 ). Recombinant Y RNA was used in reconstituted DNA replication reactions at a concentration of 55 nM as described (Christov et al. 2006) .
Raw percentages of replicating nuclei were normalized for each independent experiment to minimize systematic errors. Percentages of replicating nuclei in the presence of unfractionated S100 cytosolic extract were set as 100%, and raw percentages obtained in reconstitution experiments were determined as a fraction thereof. Means and standard deviations were calculated from normalized data. The t-tests (two-tailed, unpaired, unequal variance) were performed on normalized data.
Expression of recombinant Y RNAs
Sequences for vertebrate and nonvertebrate Y RNA genes have been published (Farris et al. 1995; Mosig et al. 2007; Perreault et al. 2007 , and references therein). Full-length cDNA sequences encoding for vertebrate and nonvertebrate Y RNAs and for mutant hY1 RNAs were generated by PCR amplification using Cold Spring Harbor Laboratory Press on January 16, 2020 -Published by rnajournal.cshlp.org Downloaded from synthetic DNA templates (Sigma-Genosys). All recombinant cDNA sequences contained a 59 SP6 promoter site as previously described (Christov et al. 2006 ). The PCR products were cloned using the Topo-TA 2.1 cloning kit (Invitrogen) as previously described (Christov et al. 2006) . Recombinant plasmid templates were confirmed by DNA sequencing. Expression templates containing the SP6 promoter were obtained by PCR amplification of the recombinant plasmids to produce linear templates with a runoff termination site at the native 39 ends. USL and USL SH RNAs were expressed from synthetic DNA templates (Sigma-Genosys).
Recombinant Y RNAs were synthesized by in vitro transcription using SP6 RNA polymerase. The size and purity of all in vitro synthesized RNA was confirmed using 8 M urea denaturing polyacylamide gel electrophoresis and staining with SYBR Gold Invitrogen), as previously described (Christov et al. 2006 ; data not shown). DNA oligonucleotides were obtained from a commercial source (Sigma Genosys).
RNA interference in vivo
Individual siRNAs were chemically synthesized using an Ambion Silencer siRNA construction kit from primer pair sequences as detailed previously (Christov et al. 2008) . Transfections were performed with 10 nM siRNAs using Lipofectamine 2000 reagent (Invitrogen) and OptiMEM (GibcoBRL), as specified by the supplier. Two hours after this transfection, 100 nM of hY1 RNA or the specified mutant RNAs were transfected into the same cell populations. Identical concentrations of Lipofectamine were used for all transfections.
The S phase index was determined at 24 h after siRNA transfection by pulse-labeling of replication foci with BrdUTP for 1 h prior to preparation of the nuclei. Detection of BrdU incorporation and determination of the percentages of S phase cells incorporating BrdU were determined by standard immunofluorescence microscopy.
Bioinformatics
Predicted secondary structures for all RNAs were calculated from the full-length nucleotide sequence using the Mfold v3.2 RNA folding algorithm (web server at: http://frontend.bioinfo.rpi.edu/ applications/mfold/cgi-bin/rna-form1.cgi) under default conditions (Mathews et al. 1999; Zuker 2003) . Outputs were converted into pdf file format. Multiple nucleotide sequence alignments were carried out using the K-align alignment algorithm (web server at: http://www.ebi.ac.uk/kalign/) under default conditions (Lassmann and Sonnhammer 2005) . The readout was visualized using Jalview v2.x (http://www.jalview.org) (Clamp et al. 2004 ).
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